However, these studies did not investigate when such in understanding the progressive nature of developan axis transformation takes place or the mechanisms ment, whereby a group of cells is first partitioned to by which it occurs. A simple 90Њ rotation of the dorsal form a primordium, appropriate cell types are then born neural tube or increased proliferation in rostral regions in specific locations, and finally the cells migrate and of r1 could account for the morphogenetic change. Furassemble into a properly formed structure. The cerebelthermore, two mechanisms have been proposed to lum (Cb) is an ideal model system for studying the formatransform the bilateral cerebellar plates at E12.5 into a tion of a complex CNS structure, as each stage of develhomogenous cylinder-like structure at E15.5. One proopment has a distinct morphology. In mouse, a bilateral posed mechanism is fusion or "zipping up" of the two wing-like cerebellar primordium (CbP) emerges at emwing-like plates. An alternative possibility is that the bryonic day 12.5 (E12.5) and is then transformed by medial region of the CbP preferentially proliferates and E15.5 into a smooth cylindrical structure that wraps expands posteriorly to become the same size as the lateral regions (Sidman, 1982). Two spatially distinct germinative neuroepithelia give
, 1988). By introducing CreER
T into the En1 and En2 loci, we were able to genetically mark distinct domains formed from a straight neural tube into two bilateral cerebellar plates, we marked a domain of cells in rostral r1 at 9.5. Using the En2-CreER T2 knock-in and R26R reporter alleles, we found it was possible to selectively mark a subdomain of rostral r1 at E9.5 by injecting TM 33 hr earlier ( Figure 1B) . The anterior limit of r1 coincides with the isthmic constriction, and we identified the posterior limit of r1 using En1-Cre;R26R double transgenics in which cumulative marking of En1-expressing cells marks all of r1 and the midbrain by E9.0 ( Figures 1F-1I ) (Li et al., 2002) . Between E9.5 and E12.5, the anterior marked and posterior unmarked domains within r1 of En2-CreER T2 ;R26R embryos remained coherent, indicating a lack of extensive cell mixing within r1 ( Figures  1B-1E ). By E12.5, the marked domain spanned the midline joining the two cerebellar plates, and the R-C relationship of the marked and unmarked domains at E9.5 was converted to a M-L relationship in the E12.5 CbP. The results of these fate mapping studies therefore show that the R-C axis of dorsal r1 in mouse is converted into the M-L axis by E12.5 and further demonstrates that there is limited cell mixing along the initial R-C axis of r1 ( Figure 1J) .
A second finding from these experiments was that at E9.5, when the thickness of dorsal r1 is similar along the R-C axis, the proportion of marked to unmarked cells within r1 was smaller than at E12.5. After E9.5, the marked rostral domain of r1 became thicker compared to the more caudal region (Figures 1B-1E ). This suggests that enhanced proliferation of rostral r1 cells may contribute to transforming the R-C axis to a M-L axis, in addition to rotation of the axis. In conclusion, by E12.5 a new set of axes is established in the CbP: a M-L axis spanning the two bilateral primordia and a new R-C axis, which we refer to as the A-P axis from E12.5 onward ( Figure 1J ).
The M-L Regional Organization of the E12.5 CbP Is Grossly Maintained into the Adult
In order to generate a positional fate map of the presumptive cerebellar territory, we determined how the M-L regional organization of the E12.5 CbP relates to the adult Cb. We chose E12.5 as the starting time point since this is when VZ-derived cells are differentiating and URL cells start to generate the granule cell precurcaudal presumptive Mb and rostral r1 33 hr post-TM. The rostral boundary of r1 (red arrowheads) coincides with the isthmic constriction, a lineage restriction boundary that prevents Mb cells from moving into r1. (C) By E10.5, the R-C axis of dorsal r1 has begun to bend laterally at the caudal end. Additional morphogenetic movement of dorsal r1 converts the R-C axis to the M-L axis (indicated by black line) at E11.5 (D) and E12.5 (E). The initial rostrally marked and caudally unmarked domains of r1 remain segregated at E12.5 sors of the Cb. We genetically marked and followed 6:00 p.m. on E10.5 (marking scheme 1) marked the most medial domain of the E12.5 CbP in a V shape (domain different domains of the E12.5 CbP, using the two EnCreER T knock-in alleles. 1), and treatment with TM at 6:00 p.m. on E9.5 (marking scheme 2) marked a slightly broader but still M-L reBy administering TM at 6:00 a.m. or 6:00 p.m. on E7.5, E8.5, E9.5, or E10.5, we found we were able to mark stricted V-shaped domain (domain 2) (Figures 2A, 2B ;R26R embryos were treated with TM at 6:00 p.m. on E7.5 or E9.5, respectively
CbP not marked (domain 4) ( Figures 2D and 2H) . A positional fate map of the Cb was generated by comparing ( Figure 2H ; data not shown) or at 6:00 p.m. on E8.5 or E10.5, respectively ( Figure 2G ; data not shown). We the ultimate fate of the cells in these four domains of the E12.5 CbP. focused our analysis on En1-CreER T1 ;R26R or En2-CreER T2 ;R26R embryos treated with TM at 6:00 p.m. on
We first determined the fate of each M-L domain by whole-mount ␤-gal analysis of adult and E16.5 brains. E9.5 or E10.5, as these four marking schemes gave a representative series of M-L marking of the E12.5 CbP, Cells from domain 1 of the E12.5 CbP contributed to a small medially restricted domain of the E16.5 CbP and ranging from the most medially restricted to very broad (Figures 2A-2H) .
to only the vermis in the adult Cb (Figures 2A, 2E , 2I, and 2M 
vermis and vermis, we genetically marked lateral cells
Cre recombinase (En2-CreTg) under the control of an En2 enhancer/promoter element in the posterior mesenin the E12.5 URL and followed their fate into the adult Cb. We utilized a conditional En2 knock-out allele (En2-cephalon and anterior r1 from E9.5 to E11.5 (Zinyk et al., 1998). Expression of lacZ from the En2-floxlacZ allele floxLacZ) in which tau-LacZ flanked by loxP sites is inserted into the 5Ј-UTR of the En2 locus (unpublished mimics En2 expression, and Cre-mediated recombination of lacZ generates an En2 allele that no longer exdata; Figure 6A ) and a transgenic line that expresses Figures 7H and 7I) . We analyzed whether the M-L distribution of ␤-gal-positive DCN matched the distribution of other VZ-derived cells. In fact, only a few ␤-gal-positive cells were found in the most medial fastigial nucleus with marking scheme 1, whereas with marking scheme 2, few positive cells were also found in the interpositus nucleus ( Figure 7H ; data not shown). With marking schemes 3 and 4, the ␤-galpositive DCN cells extended into the interpositus and dentate nuclei ( Figures 3K, 3L, 3O, 3P, and 7I) . Thus, VZderived cells that populate the vermis and the cerebellar hemispheres maintain their original (e12.5) M-L position throughout development.
Discussion
We have used an inducible genetic fate mapping approach in mouse to delineate morphogenetic and cellular processes that transform the simple neural tube structure of dorsal r1 at E9.5 into the foliated adult Cb. The use of inducible forms of Cre and the En1 and En2 promoters allowed us to have both spatial and temporal control over cell marking. Most importantly, because of the reproducible marking provided by the En promoters, the path of the marked cells could be deduced at all stages of cerebellar development. Furthermore, the noninvasive nature of the technique ensured that the observed results were not affected by the experimental procedure itself. By utilizing promoters for genes expressed in other regions of the brain, the cellular events underlying the morphogenesis of all adult brain structures could be determined.
The R-C Axis of r1 Is Converted into the M-L Axis of the E12.5 CbP
Previous fate mapping studies suggested that there is an orthogonal rotation during development in the initial orientation of cells in r1. However, it remained to be 
Origin of the Vermis in Mammals
The bilaterality of the CNS is apparent in all neural structures. For example, the forebrain is composed of two bilateral hemispheres, and the midbrain is made up of two sets of bilateral colliculi. A commonality to these regions is the presence of a deep groove or commissure that separates the two bilateral domains. The mammalian Cb is different, since a seamless vermis links the two bilateral hemispheres. However, this M-L continuity only becomes apparent at E15.5, as the E12.5 CbP is composed of two bilateral wings. What is the mechanism by which a continuous vermis is generated in the 
